A 31 T split-pair pulsed magnet for single crystal x-ray diffraction at low temperature Rev. Sci. Instrum. 85, 053905 (2014) We develop a mini gas gun system for simultaneous, single-pulse, x-ray diffraction and imaging under high strain-rate loading at the beamline 32-ID of the Advanced Photon Source. In order to increase the reciprocal space covered by a small-area detector, a conventional target chamber is split into two chambers: a narrowed measurement chamber and a relief chamber. The gas gun impact is synchronized with synchrotron x-ray pulses and high-speed cameras. Depending on a camera's capability, multiframe imaging and diffraction can be achieved. The proof-of-principle experiments are performed on single-crystal sapphire. The diffraction spots and images during impact are analyzed to quantify lattice deformation and fracture; fracture is dominated by splitting cracks followed by wing cracks, and diffraction peaks are broadened likely due to mosaic spread. Our results demonstrate the potential of such multiscale measurements for studying high strain-rate phenomena at dynamic extremes. Published by AIP Publishing.
I. INTRODUCTION
Under high and ultrahigh strain rate loading (10 5 -10 10 s −1 ), dynamic events are highly transient and their durations are reduced to hundreds of nanoseconds and even to femtoseconds, thus posing challenges to time-resolved measurements including x-ray diffraction and imaging. Third generation synchrotrons, as well as emerging x-ray free electron lasers, offer opportunities to overcome such challenges. Indeed, one has witnessed exciting progresses in time-resolved measurements with synchrotron x-rays on dynamically loaded bulk samples, including x-ray imaging or diffraction at time resolutions ranging from µs to 100 ps during dynamic loading with split Hopkinson or Kolsky bars, and gas or powder guns, [1] [2] [3] [4] [5] [6] [7] as well as other forms of dynamic loading. 8 Dynamic responses of materials depend on both loading rates and microstructures, and are inherently multiscale in space and time. [9] [10] [11] [12] The spatial resolutions in conventional xray imaging are approximately 1 µm, appropriate for resolving mesoscale structures. [13] [14] [15] On the other hand, x-ray diffraction is capable of revealing lattice-(e.g., crystal structure, lattice strain, defect density) and grain-level (e.g., grain rotation) information [16] [17] [18] and becomes a useful complement to imaging as well as a cornerstone of multiscale measurements. Therefore, simultaneous, dynamic, diffraction and imaging measurements are highly desirable. We realized such measurements at µs scales under Hopkinson bar loading, previously at the Advanced Photon Source (APS). 4, 19 In this work, we extend simultaneous x-ray imaging and diffraction measurements into the gas gun loading regime. In a) sluo@pims.ac.cn comparison with previous Hopkinson bar loading, the event duration is reduced approximately from 100 µs to 100 ns, and temporal resolution, from 1 µs to 100 ps, in order of magnitude. Besides the challenges due to reduced time scales, the reciprocal space coverage is also reduced for diffraction under gas gun loading, since the target chamber required for such loading renders the distance between a diffraction detector and the sample under impact considerably larger than that for Hopkinson bar loading. In order to increase the reciprocal space coverage by a small-format detector, a conventional target chamber is split into two chambers: a narrowed measurement chamber and a relief chamber. The gas gun impact is synchronized with synchrotron x-ray pulses and high-speed cameras. The proof-of-principle experiments are performed on single-crystal sapphire. The diffraction spots and images during impact are analyzed to quantify lattice deformation and fracture, which demonstrate the potential of such multiscale measurements for addressing shock physics problems.
II. METHODOLOGY
The experimental setup is shown in Fig. 1 for simultaneous, single-pulse, x-ray imaging and diffraction measurements under gas gun loading at the APS beamline 32-ID-B.
The loading device, a 10-mm bore mini single-stage gas gun, consists of components 1-5. A flyer plate is attached to a polycarbonate sabot. When a solenoid valve (2) is fired, compressed N 2 or He is released from a high-pressure gas reservoir (1) into the gun barrel (3), accelerating the sabot-flyer plate assembly. The maximum projectile velocity achieved with this gas gun is about 730 m s −1 . Upon exiting the muzzle, the flyer plate impacts a target or sample under consideration in the target/measurement chamber (4), which houses the target, and optical, magnetic and electrical diagnostics, as well as feedthroughs for electrical cables and optical fibers. Impact debris and high-pressure gas are collected by and released into the relief chamber (5). The measurement and relief chambers are connected via a stainless steel tube with an inner diameter of 20 mm, which retains its integrity during impact. The twochamber design, rather than a single chamber as for conventional in-house gas guns, is to maximize the reciprocal space coverage via placing the diffraction scintillator (6) as close to the sample as possible. The flyer plate velocity is measured with a magnetic velocimetry system near the muzzle. The free surface/interface particle velocity of the target can be measured with a laser Doppler pin system, which is essentially a displacement interferometer similar to photon Doppler velocimeter. The uncertainties in velocity measurements are approximately 1%. The muzzle, target, trigger pins, and magnetic and optical diagnostics are located inside the measurement chamber (4) . Both the measurement and relief chambers achieve a vacuum level of 20 Pa. The x-rays impinge on the sample through a polycarbonate or PC window on the measurement chamber; the transmitted and scattered x-rays exit the other PC window on the opposite side and are collected by diffraction (8) and imaging (10) cameras after they are converted into visible photons by fast scintillators (6 and 9). The diffraction scintillator is a 300 µm thick Ce-doped Lu 2−2x Y 2x SiO 5 or LYSO singlecrystal, and the imaging scintillator is a 100 µm thick Cedoped Lu 3 Al 5 O 12 or LuAG single crystal. The cameras are single-frame PI-Max intensified CCD cameras.
The probe x-rays are from an undulator light source with a period of 1.8 cm and a length of 2 m, and the energy spectrum at an undulator gap of 13 mm simulated with XOP 20 is shown in Fig. 2 . The first harmonic is located at 24.3 keV, with a full width at half-maximum of 1.9 keV. We take advantage of this finite bandwidth for Laue diffraction of single crystals, although it is also applicable to polycrystalline or powder samples. The bandwidth is appropriate for phase contrast imaging as well. Higher harmonics are negligible, since the peak spectral flux of the second harmonic is about 0.01% of that of the first harmonic. Compared to previous APS "undulator A" with a period of 3.3 cm and a length of 2.4 m, 1 the first harmonic from current undulator source is shifted to higher energies, thus useful for deeper penetration and larger k-space sampling. We use this "white beam" for diffraction and imaging, and the signals are predominantly from the first harmonic. The x-ray spot size on the sample is about 1.7 mm × 1.7 mm.
The schematic of diffraction geometry is shown in Fig. 3 , based on which we derive the diffraction angle (2θ) and azimuthal angle (γ) corresponding to a pixel or a diffraction spot on the diffraction detector (the XY -plane); the pixel numbers of the detector are n 1 and n 2 along the X-and Yaxes, respectively, and the detector center is at C. In current experiments, n 1 = n 2 = 1024, and the effective pixel size is s = 40 µm. A sample is located at S, and SC is normal to the detector. We define α = ∠OSC, and the sample-detector distance is d; nominally, α = 19
• and d = 140 mm, and their values are refined with diffraction from a standard polycrystalline Al sample.
A virtual detector on the x y-plane, perpendicular to the incident x-ray beam (I S), is introduced for convenience. In our experiments, the Y -axis of the real detector is parallel to the y-axis of the virtual detector. For a diffraction spot P(X,Y ) on the diffraction detector, we calculate its γ and 2θ angles. Let ϕ x = ∠OSE and ϕ y = ∠PSE. It follows that
where
2θ and γ are then determined as . 3 . Diffraction geometry. The detector plane is defined as the XY -plane, and the virtual detector plane is on the x y-plane, which is perpendicular to the incident x-ray beam direction (the z-axis; I S). S: sample; 1: gun barrel; 2: measurement chamber; 3: scintillator. n 1 and n 2 denote the numbers of pixels on the diffraction camera along the horizontal and vertical directions, respectively. 2θ = arccos(cos ϕ x cos ϕ y ),
The ranges of γ and 2θ accessible in current geometry are approximately ∆γ = 41
• and ∆(2θ) = 65
• . Figure 4 shows the timing sequence of gas gun firing, x-ray shutter opening and closing (x-ray time window), and impact, as well as triggering schemes for cameras. The gun control system sends the solenoid valve a firing signal to launch the projectile. This signal also triggers the normally closed x-ray shutter to open after certain delay; it takes the slow shutter about 60 ms to completely open. The x-ray time window is 20-30 ms wide in order to accommodate the jitter in the projectile launch and acceleration, but should be minimized. The accelerated projectile then impacts a shorting pin near the muzzle at time t 0 . The shorting pin protrudes from the impact plane by a preset length to accommodate delay as desired. Its signal is delayed with a DG535 delay and pulse generator (Stanford Research Systems), and directly or indirectly triggers the imaging and diffraction cameras, as well as other diagnostics, to capture dynamic events. The cameras are pretriggered by the pin signal with or without delays.
The diffraction and imaging cameras are "synchronized" with the master clock for maximum intensity, 1 i.e., the radio frequency (RF) pulse train p 0 supplied by the synchroton. Both the pin signal and RF pulse train are input into a DG535. The RF trigger is enabled when the delayed pin signal arrives at the "trigger inhibit" input of DG535, and the first RF pulse after this enabling signal triggers the camera which captures FIG. 4 . Timing sequence for triggering and synchronization. t 0 : time zero defined at the instant of impact of the projectile on the shorting pin, which is used to pretrigger and trigger (with a delay) the imaging or diffraction cameras; fn: the nth frame of a multiframe camera system; p 0 pulse train: the master clock of the electron storage ring supplied by the synchrotron. Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 180.85.7.218 On: Tue, 24 May the first x-ray pulse following this RF pulse (f1). The camera gate width is set below the pulse separation (153 ns) in the standard operation mode at APS, so the effective exposure time (temporal resolution) is the pulse width of a single electron bunch (∼80 ps). 1 Since the phase difference between the RF and x-ray pulses is fixed, the camera can be synchronized to the x-ray pulses, and subsequent frames (fn) can be at acquired in a controllable way. However, multiframe measurements rely heavily on high-efficiency, high-speed cameras available.
III. RESULTS AND DISCUSSION
We perform proof-of-principle experiments on singlecrystal sapphire (Al 2 O 3 ) . Both x-ray imaging and diffraction are measured in the transmission mode. The specimen dimensions are 3 mm × 3 mm × 1 mm, and the thickness along the x-ray beam direction is 1 mm. In this first attempt, the normal aspect ratio of a target for planar impact is not used. The viewing or x-ray incident direction is along [0001], while shock propagates along [1100]. The flyer plate is an oxygenfree high-purity Cu disk of 10 mm diameter and impacts the target at 334 ± 4 m s −1 . The shock stress in the crystal is calculated to be about 7 GPa with impedance match. The Hugoniots of Cu and sapphire from Refs. 21 and 22 are used for the calculation. However, this stress value is simply a rough estimate given current sample dimensions. The protrusion length of the shorting pin from the impact plane is about 330 µm, and the ICCD cameras are triggered simultaneously at t = 1.378 µs after the impact on the pin. Figure 5 shows simultaneously measured diffraction patterns and images before (t = 0) and during (t = 1.378 µs) impact. The dynamic measurements are made at ∼390 ns after the impact on the target surface. The shock wave velocity is estimated to be ∼11.2 km/s. 21 The time for shock propagation across the sample is approximately 270 ns. At the moment of measurement, the shock wave has already reached the sample free surface, and the reflected wave is roughly located at 1.6 mm away from the impact surface. The field of view is 1.7 × 1.7 mm 2 , so the release fan enters the field of view only by 0.1 mm during radiography. The diffraction camera captures four diffraction spots, indexed as (8716), (4402), (7816), and (3413) from top to bottom in Fig. 5 . These diffraction spots show considerable peak shift and broadening. It is also interesting to resolve local rotation along the azimuthal or γ-direction during impact. We thus fit the spot profiles with a 2D Gaussian and obtain the 2θ-γ plot in Fig. 6 , which shows minor rotation (<0.1
• ), despite relatively pronounced compression. For a diffraction spot, the scattering angle θ and d-spacing between reflecting planes satisfy the Bragg's law
where λ is the wavelength of x-rays. The corresponding strain is thus
Here subscript 0 denotes a reference configuration at t = 0. The peaks shift toward larger 2θ due to compression (Fig. 6) ; the lattice strains appear to be large, being −0.06, −0.03, −0.03, and −0.01 in the order of increasing 2θ. Crackingassisted local domain rotation may have occurred during shock loading, giving rise to extra displacement of a diffraction spot along the 2θ direction, and thus, an augmented apparent lattice strain.
2,23
Besides peak shift and rotation, the diffraction peaks demonstrate non-negligible broadening. Such broadening is mainly due to localized domain rotation, as previously suggested. 2 Multiple cracks separate the crystal into several pieces, providing rotation degrees of freedom for each piece. However, strain gradients or inhomogeneities, either associated with or independent of fracture, may also contribute to such broadening. The stress is partially released at the cracks where lattice spacings are larger than those in other regions still under compression (smaller lattice spacings). In addition, the x-rays sample both compressed and edge-released regions, which may play a role in peak broadening as well.
The images display intersected horizontal main cracks and vertical wing (or secondary) cracks during impact. However, fracture of the sample can be attributed to tension and shear localization induced by complex interactions of edge and reflected release waves. The Poisson's effect leads to lateral expansion, horizontal splitting, and thus horizontal main cracks, while sliding along the cracking segments induces local stress concentration and thus perpendicular secondary cracks. The crack length distribution (Fig. 7) shows that the relative frequency ( f ) of cracks decreases sharply with increasing crack length. The decay can be described with a power-law or fractal distribution as
where l is the crack length, l c is a characteristic length, and α is the fractal dimension (α ≈ 2). Wing cracking and crack branching are main reasons for this fractal decay. Our proof-of-principle experiments demonstrate the potential of simultaneous diffraction and imaging measurements for revealing and understanding high strain-rate phenomena at dynamic extremes. Imaging provides a direct measurements on damage and fracture at µm-scales, while diffraction allows for a quantitative measure of deformation and structure at lattice-scales. Imaging and diffraction complement each other in multiscale measurements. For example, diffraction peak broadening in the above experiment could be readily attributed to such defects as dislocations, instead of fracture-induced strain inhomogeneity or local crystal rotations, if without imaging measurements. Polycrystalline and single-crystal diffraction can be measured in current setup. However, there is room for improvement. While current sample dimensions are useful for simultaneous diffraction and radiography measurements in the transmission mode, the dimensions do not fully satisfy planar impact requirements. So diffraction in the backscatter mode 2 during planar impact is highly desirable. For high-Z elements, embedding a thin sample within lower-Z materials can be a solution for transmission-mode measurements. It is also necessary to extend measurements into multiple frames. Indexing sparse Laue diffraction spots on a small-area detector is still a challenge, and implementing a larger-area detector or optical demagnification remains for future improvements.
IV. CONCLUSIONS
A miniature gas gun system with a narrowed measurement chamber is developed for simultaneous, single-pulse, x-ray diffraction and imaging. The significant size reduction of the measurement chamber increases considerably 2θ range allowed for a small-area detector. The gun system reReuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 180.85.7.218 On: Tue, 24 May
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Rev. Sci. Instrum. 87, 053903 (2016) tains its integrity after high speed impact. Multiframe, singlepulse, imaging and diffraction can be achieved in principle.
The proof-of-principle experiments on single-crystal sapphire reveal splitting cracks and broadened diffraction peaks likely due to mosaic spread, and demonstrate the potential of simultaneous multiscale measurements for investigating high strainrate phenomena at dynamic extremes.
